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Abstract: In the first 10 seconds of a core-collapse supernova, almost all of its progenitor’s
gravitational potential, O(1053 ergs), is carried away in the form of neutrinos. These neutrinos, with
O(10 MeV) kinetic energy, can interact via coherent elastic neutrino-nucleus scattering (CEνNS)
depositing O(1 keV) in detectors. In this work, we demonstrate that low-background dark matter
detectors, such as LUX-ZEPLIN (LZ), optimized for detecting low-energy depositions, are capable
of detecting these neutrino interactions. For instance, a 27 M⊙ supernova at 10 kpc is expected
to produce ∼350 neutrino interactions in the 7-tonne liquid xenon active volume of LZ. Based on
the LS220 EoS neutrino flux model for a SN, the Noble Element Simulation Technique (NEST),
and predicted CEνNS cross-sections for xenon, to study energy deposition and detection of SN
neutrinos in LZ.We simulate the response of the LZ data acquisition system (DAQ) and demonstrate
its capability and limitations in handling this interaction rate. We present an overview of the LZ
detector, focusing on the benefits of liquid xenon for supernova neutrino detection. We discuss
energy deposition and detector response simulations and their results. We present an analysis
technique to reconstruct the total number of neutrinos and the time of the supernova core bounce.
Keywords: Noble liquid detectors, Dark Matter detectors, Data acquisition concepts, Detector
modelling and simulations I
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1 Introduction
During a core-collapse supernova (SN), ∼99 % of the progenitor’s gravitational potential energy
is converted into neutrino flux emitted within 10 seconds, making supernovae among the most
energetic events in the universe [1–3]. Despite recent progress we are still far from understanding
the underlying physical processes of a SN and the role neutrinos play during them [4–6]. A high-
statistics detection of all neutrino flavors will be essential to reconstruct global emission properties,
such as the total explosion energy emitted [7–9].
Coherent elastic neutrino nucleus scattering (CEνNS) was detected for the first time by the
COHERENT Collaboration at the Spallation Neutron Source [10]. This interaction, mediated by
the Z-boson, is equally sensitive to all flavors of neutrinos making it a promising channel to detect
neutrinos from a SN. The nature of the interaction carries numerous implications for experiments
that intend to detect SN neutrinos via CEνNS: the neutrino emission curve could be reconstructed
without uncertainties that arise from neutrino oscillation [11]; and, these detectors would be able
to reconstruct the total neutrino emission and will complement experiments that are only sensitive
to νe and νe [12].
Tens-of-milliseconds after the collapse of the inner core is halted, the implosion rebounds and
bounces outward and a bright neutronization or breakout burst dominated by νe from electron capture
occurs. During neutronization, the average energy of the emitted neutrinos is between 9 - 12 MeV.
This burst is followed by an accretion phase, tens to hundreds ofmilliseconds long, overwhich νe and
νe dominate with the average neutrino energy rising to ∼15 MeV. The next phase is cooling, which
lasts a few tens of seconds, during which the core sheds most of its gravitational binding energy and
the average neutrino energy steadily decreases to ∼6 MeV. During this phase, neutrino-antineutrino
pairs dominate neutrino production, and luminosities and temperatures gradually decrease. The
neutrino flux is equally divided among flavors during cooling and carries away half the total
gravitational energy of the progenitor [3, 13–17]. The spectral energy distribution of the emitted
neutrinos varies from phase to phase of the SN with the distribution most sharply peaked during
neutronization and broadest during cooling [3, 18]. To neutrinos in this energy range, the nucleus
appears as a coherent target with a cross-section enhanced by the square of its nucleon number [3,
6–9]. However, there is a trade-off between nucleus mass and energy transfer; as the nucleus
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mass increases the energy transfer decreases. Thus, to detect neutrinos emitted from SN a low-
threshold detector with heavy nuclei is desired. The LUX-ZEPLIN (LZ) experiment is a dark matter
experiment that will be sensitive to neutrino interactions from SN events.
In Section 2, we present an overview of the response of the LZ detector to neutrinos emitted
from a SN. We use neutrino emission curves from Ref. [3, 19] for a 27 M⊙ progenitor and simulate
the response of the data acquisition system (DAQ). In section 3, we present the performance of
the LZ DAQ to these high interaction rate events by varying the distance to the SN. We then
demonstrate a fitting method that is applied to the recorded trigger time information to reconstruct
the total neutrino interaction rate and the time of the bounce.
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Figure 1. (Left) The relative probability distribution for a neutrino energy deposition in liquid xenon. We
present the case where the incident neutrino flux has an average energy of 10MeV and a spectral profile from
the accretion phase [3, 7, 9, 18]. (Right) The expected neutrino interaction rate in LZ from a 27 M⊙ SN at
10 kpc assuming a detection energy threshold of 0.5 keV. About 184 ± 13 neutrino interactions are expected
in the first second and 357 ± 19 in total.
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Figure 2. The electron (Left) and photon (Right) yield, predicted by NEST, for an incident neutrino spectrum
with an average energy of 10 MeV and a spectral profile from the accretion phase.
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LZ is a dual-phase liquid xenon time projection chamber (TPC) to be operated deep underground
(4,300meterswater equivalent) at the SanfordUndergroundResearchFacility [20, 21]. The sensitive
volume of the detector has a diameter of 1.456 m and height of 1.456 m and will contain 7 tonnes of
liquid xenon. Each end of the TPC is instrumented with an array of Hamamatsu R11410-20 PMTs;
253 at the top in the gas phase and 241 at the bottom in the liquid. Signals from the PMTs, after
amplification and shaping, are fed into custom digitization and data sparsification boards where a
real-time trigger decision is made.
A particle interacting with the liquid xenon results in both scintillation and ionization. Refer-
ence [20] estimates a baseline scintillation light collection efficiency of∼9% in the PMTs, producing
prompt signal denoted S1. The ionization electrons drift under the applied electric field to the liquid-
gas interface and, within the maximum drift time of <1 ms, are extracted into the gas phase with
efficiency of ∼97.6%. Each extracted electron will produce an electroluminescence signal, denoted
S2, with an average of ∼60 detected photons. If a signal greater than 0.5 keV (corresponding to
∼3 electrons) is detected, a trigger is generated and the PMT waveforms between 1.5 ms pre-trigger
and 2.5-ms post-trigger are written to disk.
The O(10 MeV) neutrinos emitted from SN will deposit O(1 keV) nuclear recoils in liquid
xenon [3, 7, 9, 17, 22]. Figure 1 presents the neutrino energy deposition spectrum and the number
of expected interactions for a 27 M⊙ SN at 10 kpc. The resulting distributions of the number
of ionization electrons and photons were calculated based on the NEST model [23, 24]. An
example of these distributions for the accretion phase is presented in Fig. 2. To achieve the lowest
possible detection threshold, an S2-only analysis is pursued. At the low energies favored for CEνNS
interactions, the low light yield will hinder particle particle identification using the charge-to-light
ratio.
The LZ DAQ has a double buffer system, implemented on Xilinx Kintex 7 FPGAs, to capture
data . While data from one buffer is being written to disk, the other buffer is capturing new
interaction data and awaiting a trigger. When a trigger is generated, only the data from interactions
that occurred in the pre- and post-trigger windows are written to disk. A buffer can hold a maximum
of ∼45 interactions. To write a single interaction to disk it will take ∼1.3 ms and thus to offload the
maximum number of 45 interactions it will take ∼59 ms. Only data from one buffer can be written
to disk at a time. If both buffers are full and an additional trigger arrives, those interactions will
be lost. In addition to reporting the time of the S2 as the trigger time, the DAQ will also report the
deadtime when no interactions are captured.
We simulate how the LZ DAQ performs in response to triggers that have a time profile
that matches the SN neutrino flux, summed over all flavors each with their own spectral energy
distribution. A simulation is 11 seconds, 1 second before the SN bounce and 10 seconds post-
bounce. In addition to the SN neutrino flux, we simulate a 40 Hz background interaction rate.
Using the expected neutrino interaction distribution and background interaction rate we construct
a composite probability distribution. We carry out Monte Carlo simulations where we vary the
distance to the 27 M⊙ SN. The distance to the SN is a proxy for the number of neutrino interactions
detected. At each distance we allow the number of detected neutrino interactions to vary according
to Poisson statistics. The times for these interactions is drawn from the probability distribution.
These interaction times are then processed using the DAQalgorithm to determine which interactions
are written to disk. An example of this is shown in Fig. 3.
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Figure 3. (Left) A time profile for a simulated SN event in LZ. Below the profile the bands indicated by
‘B1’ and ‘B2’ indicate the times when DAQ Buffer 1 and DAQ Buffer 2 were active. (Left) For the 1 s of the
event shown, there were 42 background interactions, 447 neutrino interactions and 470 out of the 489 total
number of interactions were recorded. (Right)A zoom in on the first 200 ms of the time profile that indicates
the total number of interaction (blue) and those that were recorded (green). It is during this phase of the SN
that most of the neutrino interactions are missed.
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Figure 4. (Left) Fraction of recorded (red) and reconstructed (green) neutrino interactions. This fraction
is presented versus number of neutrino interactions and distance from a 27 M⊙ SN. (Right) Reconstructed
bounce time of the SN. The error bars in both plots indicate the statistical error associated with the simulated
population.
Using the recorded trigger time information and the DAQ deadtime for an SN event, the true
number of interactions that occurred and the SN’s bounce time can be reconstructed. Since most
SN events will be low interaction rate events an unbinned analysis is preferred to prevent biasing
results. To accomplish this, the one dimensional trigger time information is integrated to give a
cumulative number of recorded interactions as a function of time. With the known neutrino flux
model and a uniform distribution of background events a composite model is created. It is then
corrected for DAQ deadtime by removing those periods from the composite model. This model
is compared to the cumulative interaction time data and the least squares is computed. We allow
the bounce time of the model to vary to minimize the least squares. Models that cover a range of
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number of neutrino and background interactions are generated and are also compared to the data.
The model that best fits the data is used to report the true interaction rate and bounce time of the
SN.
The number of neutrino interactions in LZ goes as the inverse of distance squared. As the
SN gets closer, the fraction of recorded interactions decreases, as is shown in Fig. 4. Using the
trigger time fitting method the true number of neutrino events can be reconstructed. We are able to
accurately reconstruct the number of neutrino interactions within >90% of the true number. Even
in cases of low interaction rate (20 or 50 neutrinos) the model prefers to include neutrinos rather
than one composed only of background. Also presented in Fig. 4 is the capability of the fitting
method to reconstruct the bounce time of the SN. Low interaction rate events bias the bounce time
to later times as there often isn’t an interaction detected right at the onset of neutronization, neither
is a well defined neutronization peak visible. However, we are able to still reconstruct the bounce
time to within 10 ms. For high interaction rate events the two buffers are saturated with data early
on and are dead for extended periods of time. This accounts for the large fraction of interactions
missed and why the reconstructed time is earlier than the bounce time.
4 Conclusions
We have presented an overview of SN neutrino detection in LZ. These neutrinos are emitted with
O(10 MeV) kinetic energy and will deposit O(1 keV) in liquid xenon. Using the known SN neutrino
profile and a 40 Hz background we construct a Monte Carlo event generator. Assuming a 0.5 keV
or ∼3 electron detection threshold for a trigger we simulate the response of the LZ DAQ’s double
buffer system to these events. The double buffering system of the DAQwill allow a large fraction of
the SN neutrino interactions to be recorded. For a 27 M⊙ SN at 10 kpc we expect 357 ± 19 neutrino
interactions. A SN 1987A type supernova at 50 kpc would produce 20 interactions in LZ. We have
developed a fitting routine that allows us to reconstruct the number of missed neutrino interactions
and the bounce time of the SN. Even in low interaction rate SN events the fitting routine correctly
picks out a model composed of an SN signal and background over a model of just the background.
For high interaction rate SN events, we are able to reconstruct the number of neutrino interactions
to >90% of their true number. In all cases we fit the SN’s bounce time to within 10 ms.
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